Antibacterial activity of high molecular weight water-soluble (HMWWS) chitosan (800 kDa) was investigated against four Gram-negative (Escherichia coli, Salmonella typhimurium, Vibrio cholerae and Vibrio parahaemolyticus) and two Gram-positive (Staphylococcus aureus and Listeria monocytogenes) bacteria. Catfish fillets were surface-inoculated with these food-borne pathogens and coated with chitosan dissolved in aspartic acid (AS) or acetic acid (AC) solution at different concentrations (1% or 3%). Samples were stored at 4°C for 8 days, except for those inoculated with Vibrio species (10°C for 6 days). Overall, the most effective coating treatment was the 3% HMWWS chitosan in AS solution (800AS3%). Compared with the control, significant (P < 0.05) reductions caused by 800AS3% were observed for all tested pathogens at the end of storage. The growth of V. parahaemolyticus was completely suppressed by 800AS3%. This study demonstrated that HMWWS chitosan in AS solution could be used as an alternative antimicrobial coating for catfish fillets.
Introduction
Nutritionally, fish and seafood products provide highquality proteins, essential vitamins, minerals and polyunsaturated fatty acids (Caglak & Karsli, 2017) , hence they are considered among the most important commodities for human diet (Hassoun & C ß oban, 2017) . However, fish and seafood products are very perishable due to susceptibility to both chemical and microbial spoilage during processing or storage, thus, a short shelf life (Kuley et al., 2012) . Due to risk of serious illness such as Vibriosis and Listeriosis, from foods contaminated with pathogens, consumers demand products of high quality and safety (Severino et al., 2015) . Therefore, proper preservation methods such as cooling, freezing, edible coating and chemical preservation are required to maintain the quality and safety, while extending the shelf life of fish and seafood products. Natural antimicrobial coating materials are preferred because of rising consumer concerns over the use of traditional synthetic polymers (Khan et al., 2017) . A thin layer of edible films and coatings, prepared from natural sources and applied on the surface of foods, has been used to preserve and extend the shelf life of foods (Soares et al., 2017; Yu et al., 2017) .
Chitosan, a deacetylated derivative of chitin, is a natural biopolymer Feng et al., 2017) that has been extensively studied for their antimicrobial and antifungal activities (No et al., 2002; Kong et al., 2010; Khan et al., 2017; Zhang et al., 2018) . The antimicrobial activity of chitosan can be affected by intrinsic factors (molecular weight, (MW), degree of deacetylation (DD), solubility, etc.), microbial factors (bacterial genus, species, etc.) and extrinsic factors (pH, temperature, etc.) (Kong et al., 2010) . Due to excellent film forming ability, the use of chitosan coatings to extend shelf life and improve safety of foods has been widely documented (Waimaleongora-Ek et al., 2008; Chen et al., 2012) .
Various studies reported antimicrobial effects of acid-soluble chitosan against different types of microorganisms (No et al., 2002; Dutta et al., 2009; Fern andez-Saiz et al., 2010; Jung et al., 2010; Jiang et al., 2011; Byun et al., 2013) . Several studies demonstrated that high molecular weight (HMW) chitosans exhibited better antimicrobial effect against pathogens compared with low molecular weight chitosans (Lin et al., 2008; Chang et al., 2015) . Additionally, HMW chitosans generally exhibited better tensile strength and elongation properties, making it an ideal functional coating or film (Bof et al., 2015) . HMW chitosan is soluble in weak organic acid solutions but water-insoluble. The poor water solubility of HMW chitosan limits its numerous food applications.
Recently, our research team discovered a method to quickly dissolve HMW chitosans in water (PCT/US2016/ 061820; Water-Soluble, High Molecular Weight Chitosan Powders; filed on November 14, 2016). With our method, a much higher concentration of high molecular weight water-soluble chitosans (HMWWS) solutions can be obtained. Our invention provides simple preparation procedure for fast dissolving HMWWS chitosan products in water. It eliminates the pungent acid (typically acetic acid) odour of HMW chitosan solutions. Although applications of acid-soluble HMW chitosans to reduce microbes, and improve quality and extend shelf life on fish products have been extensively reported (Alishahi & Aider, 2012) , there is very limited information on such applications of HMWWS chitosan. Researchers have employed different organic acids such as acetic, ascorbic, citric, hydrochloric, lactic, formic, malic and propionic acids to dissolve chitosans prior to their usage. The type of acid used affected antimicrobial activity of chitosans (No et al., 2002; Nadarajah et al., 2006; Torrico et al., 2010) . Acetic acid has been most commonly used for this purpose. Aspartic acid, however, has rarely been studied as a solvent for chitosan, and, therefore, the results from this current study would provide novel findings as there is no existing literature for comparison. Moreover, HMWWS chitosan used at high concentrations as a coating for seafood has not been documented. Therefore, research on antimicrobial properties of the newly invented HMWWS chitosan products is needed.
Channel catfish (Ictalurus punctatus) is one of the most important freshwater fishes in the United States (Duan et al., 2018) . The US channel catfish growers had total sales of $386 million dollars in 2016 (USDA, National Agricultural Statistics Service, 2017). Fish and seafood products are susceptible to microbial contamination and spoilage during processing and storage. Especially, Salmonella, E. coli and Vibrio species are potential pathogens in catfish. The US Center for Disease Control and Prevention (CDC) estimated that about 45 000 illnesses from V. parahaemolyticus occur each year in the United States (US Food and Drug Administration, 2012). Therefore, the aim of the present study was to investigate the antibacterial effect of HMWWS chitosan coating against selected common pathogenic food-borne bacteria (Escherichia coli, Salmonella typhimurium, Vibrio cholerae, Vibrio parahaemolyticus, Staphylococcus aureus and Listeria monocytogenes) inoculated on the surface of channel catfish (Ictalurus punctatus) fillets. Catfish was used as a model for this study and the selected six pathogens were among the common pathogenic bacteria in raw fish, including catfish and seafood products (Shin et al., 2004; Soni et al., 2010; Boss et al., 2016) . The chitosan coating prepared in acetic acid solution was used for comparisons with those prepared in aspartic acid.
Material and methods

Materials
Chitosan with MW of 800 kDa and degree of deacetylation (DD) of 85.7%, prepared from Alaskan Snow Crab, was obtained from G.T.C Union Group Limited (Qingdao, Shandong, China). Frozen catfish fillets and soybean oil were purchased from a local grocery store in Baton Rouge, Louisiana, USA.
Bacterial strains and growth conditions
Four Gram-negative bacteria strains (Escherichia coli O157:H7 ATCC 43895, Salmonella typhimurium ATCC 14028, Vibrio parahaemolyticus ATCC 17802 and Vibrio cholerae ATCC 14035) and two Gram-positive strains (Staphylococcus aureus ATCC 29213 and Listeria monocytogenes V7 (serotype 1/2a)) were applied on the surface of catfish fillets to determine antibacterial activity of HMWWS chitosan. The pure cultures were stored in cryogenic vials with 30% (w/w) glycerol in Tryptic Soy Broth (TSB; Acumedia 7164, Neogen Corporation, Lansing, Michigan, USA) at À80°C. One loop full from each frozen stock culture was transferred into 10 ml of a respective enrichment broth and incubated at 37°C overnight. Brain-Heart Infusion broth (BHI; Acumedia 7116, Neogen Corporation) was used for E. coli and S. typhimurium, Alkaline Peptone Water (APW; HiMedia M618, HiMedia Laboratories Pvt. Limited, Mumbai, India) for V. parahaemolyticus and V. cholerae and de Man, Rogosa and Sharpe CM1125 (MRS; Oxoid Ltd., Hampshire, UK) broth for S. aureus and L. monocytogenes.
Preparation of HMWWS chitosan coating solutions
HMWWS chitosan (800 kDa) coating solutions were prepared as described in the PCT/US2016/061820. Briefly, 1% w/v HMWWS chitosan solution was prepared by dissolving in 1% v/v acetic acid [800AC1%] . One per cent (1%) and 3% w/v HMWWS chitosan solutions were prepared by dissolving in aspartic acid at 1% w/v [800AS1%] and 3% w/v [800AS3%], respectively. Also, distilled water [Control] , 1% w/v and 3% w/v aspartic acid [AS1% and AS3%] solutions without chitosan were prepared. The pH of 800AC1% solution ranged from 4.15 to 4.17, while 3.62 to 3.65 for 800AS1% and 800AS3% solutions. At a higher concentration, AC imparts strong pungent acid odour, which is not very desirable to consumers. In addition, dissolving 800 kDa chitosan at 3% w/v in 3% v/v acetic acid was time-consuming, and the solution was very viscous, making it not so practical. Therefore, 800AC3% was not included in this study.
Preparation of catfish fillet, inoculation and coating treatments
Frozen catfish fillets were thawed at 4°C for 24 h and cut into 25-g pieces prior to inoculation. The fish pieces for L. monocytogenes inoculation were deepfried in soybean oil at 171°C for 3 min and cooled to room temperature (20°C) prior to inoculation (Collins et al., 1972) . The internal temperature of fish pieces for V. cholera and V. parahaemolyticus inoculation was acclimated to 25 AE 1°C in a laminar flow hood for 30 min to avoid temperature shock (Fang et al., 2015) . The surface of each catfish piece was inoculated with 100 lL (initial concentration of about 6.50 log CFU/g) of each bacterial culture (E. coli, S. aureus, S. typhimurium, L. monocytogenes, Vibrio parahaemolyticus and V. cholerae). The inoculated catfish pieces were allowed to air dry for 30 min in a laminar flow hood, then were dipped into one of the coating solutions (i.e. treatments); distilled water served as the control treatment. After 1-min dipping, the coated fish pieces were allowed to air dry for 5 min in a laminar flow hood. Next, fish pieces were placed into WhirlPak bags and stored at 4°C for 8 days. Fish pieces inoculated with V. cholerae and Vibrio parahaemolyticus were stored separately at 10°C for 6 days. Microbial analysis was conducted every 2 days during storage (day 0, 2, 4, 6 and 8). For each analysis, 225 ml of phosphate-buffered saline (PBS; Neogen Corporation) was added to a fish sample and homogenised for 1 min in a stomacher. Serial decimal dilutions were prepared with PBS and plated onto the respective media for each bacteria type. Bacterial counts were determined by plating sample dilutions for E. coli on CT-SMAC (HiMedia FD147, HiMedia Laboratories Pvt. Limited) at 37°C for 48 h; S. typhimurium on XLD Agar (Acumedia 7166, Neogen Corporation) at 37°C for 24 h; V. parahaemolyticus and V. cholerae on TCBS Agar (Acumedia 7210, Neogen Corporation) at 37°C for 24 h; S. aureus on MSA (Acumedia 7143, Neogen Corporation) at 37°C for 24 h; and L. monocytogenes on Oxford Listeria Agar base (Acumedia 7428, Neogen Corporation) with Modified Oxford Listeria Supplement (Acumedia 7991, Neogen Corporation) at 37°C for 48 h.
Statistical analysis
Two catfish pieces (per pathogen) were independently analysed in duplicate on each sampling day of microbial testing, and bacterial counts were expressed as log CFU/g. Data were analysed for significant treatment effects by ANOVA, followed by the post hoc Tukey's test at a = 0.05 using the JMP software (Version 5.0.1, SAS Institute. Inc., Cary, NC, USA).
Results and discussion
Escherichia coli E. coli counts for all treatments, including the control, slightly decreased over time during storage at 4°C (Table 1) , which was likely due to the low storage temperature. There was about 0.6 log CFU/g reduction from Day 0 to Day 8 of storage for the 800AS3% treatment. At 1% w/v, 800AS and 800AC treatments generally showed similar inhibitory effects against E. coli throughout the storage, except on Day 4. The treatments of AS1% and AS3% showed similar antibacterial activities compared to those of 800AS1% and 800AS3% during storage. The E. coli count for the 800AS3% treatment was significantly (P < 0.05) lower than that of the control on Day 8 (3.11 vs. 3.54 log CFU/g). Information regarding inhibitory effects of HMW chitosan coating against E. coli on the surface of catfish fillets is very scarce.
Chitosans have been reported to disrupt barrier properties of the outer membrane of Gram-negative bacteria. The damage of E. coli cell membranes was likely caused by the electrostatic interaction (Goy et al., 2009; Jung et al., 2010) , specifically between -NH 3 + groups of chitosan and carbonyl and phosphoryl groups of the phospholipid components of the cell membrane (Li et al., 2010) . Zheng & Zhu (2003) reported that the antimicrobial effect of chitosan against E. coli increased with increased concentration and decreased MW. In this study, there was a slightly decreasing (although not significant, P > 0.05) trend of E. coli count when the concentration increased from 1% to 3% w/v of 800AS (Table 1) . Zheng & Zhu (2003) further explained that the lower MW (below 300 kDa) chitosan entered the microbial cell more easily and disrupted the cell metabolism. In the present study, the E. coli count for the 800AS3% treatment was about 0.4 log CFU/g lower (P < 0.05) than that of the control at Day 8. The high MW (800 kDa) of chitosan may have limited the extent of E. coli inhibition.
Salmonella typhimurium
Compared to the control, the 800AC1% was generally not effective against S. typhimurium on the surface of catfish fillet, and neither were the AS1%, AS3% and 800AS1% treatments (Table 1) . The fillets coated with 800AS3%, on the other hand, showed a significant (P < 0.05) reduction of S. typhimurium throughout storage compared to the control (Table 1) . There was a slightly decreasing trend of S. typhimurium count when the concentration increased from 1% to 3% w/v of 800AS (Table 1) . Compared to the control at each respective storage day, the range of S. typhimurium reduction by 800AS3% was between 0.56 and 0.94 CFU/g, while that of E. coli was between 0.24 and 0.5 (Table 1) . Consequently, S. typhimurium was more susceptible to chitosans than E. coli under the test condition in this study.
The composition of the cell envelope of S. typhimurium and E. coli is different, hence different sensitivity towards chitosan (Chung et al., 2004) . S. typhimurium was more susceptible to chitosan compared to E. coli possibly due to the more negative cell membrane composition (Paomephan et al., 2018) , which can facilitate the interaction with positive charge of chitosan, resulting in greater cell death (Chung et al., 2004) . Inconsistent antimicrobial activities of chitosans against S. typhimurium have been reported. For instance, 67 kDa chitosan (Jiang et al., 2013) and 1020 and 1100 kDa chitosan (Pirak et al., 2012) showed no inhibitory effect on S. typhimurium, while 470 kDa chitosan (No et al., 2002) was reported to be effective against this pathogen. In our current study, 800AS3% caused a 0.69 log CFU/g reduction of S. typhimurium at Day 0 (from 5.40 log CFU/g of the control to 4.71 log CFU/g, Table 1 ). Differences in previously reported antibacterial effects of chitosans against S. typhimurium are due to different experimental conditions such as antimicrobial assays used, characteristics of chitosan, solvent used or the pH of the medium (Wang, 1992; No et al., 2002) .
Vibrio cholerae and Vibrio parahaemolyticus
Catfish fillets inoculated with V. cholerae and V. parahaemolyticus were initially stored at 4°C, and bacterial counts significantly decreased for all treatments by Day 2 (data not shown). We speculated that the refrigerated storage condition restricted the growth of V. cholerae and V. parahaemolyticus. According to FDA guidance for conditions limiting pathogen growth, minimum growth temperatures for V. cholera and V. parahaemolyticus are 10°C and 5°C, respectively (K€ ose, 2010). Thus, subsequently catfish fillets were inoculated with V. cholerae and V. parahaemolyticus and stored at 10°C. The fillets started to spoil at Day 6 due to the temperature condition applied, thus, no analysis was conducted on Day 8. For all treatments, V. cholerae counts at Day 0 were low and increased until Day 6 (Table 1) . On Day 0, V. cholerae counts for 800AS1% and 800AS3% treatments were below the detectable limit, and no differences were observed among other coating treatments (P > 0.05). Without exception, the V. cholerae counts of 800AC1%, AS3%, 800AS1% and 800AS3% during Day 2-Day 6 significantly (P < 0.05) reduced compared to the control. The 800AS3% was more effective against V. cholerae than 800AS1%, particularly on Day 4 (2.78 vs. 4.12 CFU/g) and Day 6 (2.73 vs. 3.67 CFU/g). The 800AC1% and 800AS3% similarly inhibited V. cholerae on Day 4 and Day 6. Compared to the control, V. parahaemolyticus counts were significantly (P < 0.05) lower for all treatments, except AS1% during Day 0-Day 4 ( Table 1 ). The control sample spoiled at Day 6, and V. parahaemolyticus count decreased from 3.75 on Day 4 to 2.28 log CFU/ g on Day 6. Except for the 800AS3% treatment, V. parahaemolyticus counts generally increased from Day 0 to Day 4, then decreased at Day 6; this was likely due to the growth of V. parahaemolyticus being suppressed by other spoilage bacteria. The 800AS3% treatment was most effective against V. parahaemolyticus, completely suppressing its growth on the surface of catfish fillets (P < 0.05). Fang et al. (2015) reported that 0.5% (w/v) chitosan (MW of 190 kDa) microparticles reduced culturable levels of V. cholera and V. parahaemolyticus to nondetectable levels at 37°C after 3 h post-treatment. They further reported that significant reductions were also obtained for V. parahaemolyticus in oysters treated with both 0.3% and 0.5% chitosan microparticles compared to the levels for the untreated controls, resulting in reductions of 2.2 and 3.3 log CFU/g, respectively, after 2 days at room temperature (25°C). In this study, the V. cholera and V. parahaemolyticus counts on catfish fillets coated with 800AS3% reduced from the initial inoculation at 6.5 log CFU/g to 2.73 log CFU/g and a nondetectable level, respectively (Table 1) . Fang et al. (2015) observed that among Vibrio species tested, V. vulnificus exhibited greater sensitivity to chitosan microparticles than V. parahaemolyticus and V. cholerae in culture, seawater and oysters. In this study, V. parahaemolyticus was possibly more sensitive to 800AS3% than was V. cholera (Table 1) . Lee et al. (2009) stated that chitosan induced Vibrio cell death by inhibiting cell-to-cell communication through the suppression of intracellular reactive oxygen species generation. However, the mechanism of chitosan against Vibrio spp. has not been finalised and is likely complex due to the diversity of these Vibrio species that have different compositions of capsular polysaccharide, LPS or outer membrane proteins. These differences may contribute to different sensitivity to chitosan (Lee et al., 2009; Fang et al., 2015) .
Staphylococcus aureus
Throughout the storage period, significant (P < 0.05) differences in S. aureus counts between the control and 800AS3% treatments were observed ( Table 2 ). The 800AS3% treatment yielded significantly fewer S. aureus counts than all others throughout the study. After 8 days of storage, the greatest total reduction (compared to the control) of S. aureus was observed for 800AS3% (2.58 log CFU/g; from 5.38 down to 2.80), followed by 800AS1% (1.76 log CFU/g), 800AC1% (1.70 log CFU/g), AS3% (1.20 log CFU/g) and AS1% (1.06 log CFU/g). At 1% w/v, 800AS and 800AC treatments exhibited similar inhibitory effects against S. aureus throughout the storage.
Differences in inhibitory effects of chitosan against S. aureus among previous studies were likely due to differences in the concentration of chitosan solution, the solvent used and the strains of S. aureus tested (No et al., 2002) . In this current study, increasing concentration of HMMWS chitosan in AS from 1% to 3% increased inhibitory effects against S. aureus during Day 4-Day 8 with a reduction between 0.82 to 0.93 log CFU/g (Table 2 ). Rodr ıguez-N uñez et al.
(2012) tested chitosan at different concentrations (250-2000 ppm) and reported increased antibacterial effects of chitosan against S. aureus with higher chitosan concentrations. The antimicrobial activity of chitosans against S. aureus has been extensively reported; however, the chitosan's mode of action against S. aureus has not been fully elucidated. Raafat et al. (2017) hypothesised that chitosan's antimicrobial action against S. aureus was caused by changes in cell envelope structure, i.e. bacterial cell surface charge and membrane phospholipid composition.
Listeria monocytogenes
L. monocytogenes is a Gram-positive food-borne pathogen associated with ready-to-eat (RTE) food products (Jiang et al., 2011) , thus, inhibition of L. monocytogenes in RTE foods is important. In the present study, at Day 0 L. monocytogenes counts ranged from 3.78 to 4.63 log CFU/g on the surface of catfish fillets (Table 2 ). The 800AS3% treatment was found to significantly (P < 0.05) reduce L. monocytogenes counts throughout the storage period, with a 1.56 log CFU/g reduction at Day 8 compared to the control. Fern andez-Saiz et al. (2013) reported reduced L. monocytogenes populations in hake fillets by 1.4-1.7 log CFU/g and 1.0-1.4 log CFU/g, respectively, using a chitosan film along with standard air and vacuum packaging. Jiang et al. (2011) reported inhibition of L. monocytogenes on cold-smoked salmon with chitosan coating during 30 days of refrigerated storage and found chitosan coating to be more effective against L. monocytogenes than chitosan films; the former method allowed chitosan to completely contact the surface of the food. Beverly et al. (2008) reported that edible chitosan coatings could effectively control L. monocytogenes growth on the surface of RTE roast beef. Ye et al. (2008) also reported that chitosan films did not show inhibitory effect on L. monocytogenes inoculated on cold-smoked salmon. The differences in antimicrobial activities between this current study and other studies are likely due to the MW of chitosan, the methods of applying chitosan (film vs. coating) and the sample type investigated.
Various studies have reported the effects of pH (of the solution) and MW on antimicrobial activity of chitosan. For instance, No et al. (2002) reported that the growth of L. monocytogenes was inhibited by chitosan (746 and 1671 kDa) at or below pH 5.5. Likewise, Benabbou et al. (2009) also reported a greater antimicrobial activity of chitosan against L. monocytogenes at pH values of 4.5-5.0. In this study, 800AS1% and 800AS3% had similar pH values between 3.62 and 3.65, but 800AS3% was more effective against L. monocytogenes during Day 4-Day 8 (Table 2) . Although the mode of antimicrobial action is not yet confirmed, Benabbou et al. (2009) reported that, under the electron micrographs, cell wall of L. monocytogenes treated with 100 kDa chitosan showed a thicker layer on the surface, preventing entry of nutrients through the cell wall and consequently causing cell death. On the other hand, the 2 kDa chitosan interacted via its positively charged -NH 3 + groups with negative charges on the cell wall of L. monocytogenes, causing pores on the cell wall and hence, cell death.
Overall discussion
When results of chitosan inhibitory effects against food-borne pathogens are generally evaluated, differences and similarities between those of the present study (Tables 1 and 2 ) and other studies arose for several reasons.
Generally, HMWWS chitosans, particularly the 800AS3%, significantly inhibited the growth of selected pathogens tested (Tables 1 and 2) ; however, the inhibitory effects differed depending more on the type of bacteria tested, the concentration of HMWWS solutions, followed by the solvent used to dissolve chitosan (Tables 1 and 2 ). Several studies reported that chitosan exhibited greater bactericidal effects against Gram-positive bacteria than Gram-negative bacteria (Zhong et al., 2008; Jung et al., 2010) . No et al. (2002) investigated antibacterial activity of chitosan and chitosan oligomers with different molecular weights. Use of 746 kDa chitosan (similar in MW to the 800 kDa chitosan used in the present study) was a more effective inhibitor of Gram-positive bacteria than Gramnegative bacteria, demonstrating complete suppression of L. monocytogenes and S. aureus, while E. coli and S. typhimurium counts were reduced by 2.76 and 1.33 log CFU/g, respectively. The mode of antimicrobial action of chitosan depends of the types of bacteria with respect to the cell wall structure. Gram-negative bacteria are composed of an internal membrane of peptidoglycan and an outside membrane of lipopolysaccharide, lipoprotein and phospholipid, all of these components prevent chitosan from entering through the cell membrane (Jung et al., 2010) . The resistance of Gram-negative bacteria to chitosan is likely provided by the cell outer membrane (Zheng & Zhu, 2003; Jing et al., 2007; Jung et al., 2010; Kong et al., 2010) . On the other hand, the cell wall of Gram-positive bacteria is only composed of peptidoglycan that permits chitosan to enter the cell, thus, chitosan can more easily penetrate the peptidoglycan layer of Gram-positive cells and act directly on the cell membrane (Jing et al., 2007) . Additionally, the antimicrobial activity of chitosan coatings might differ based on such mechanisms as interaction between amine groups of chitosan and microbial cell membranes, polymeric layer formation on the surface of the cell and chitosan penetration into the cytosol of the microorganism (Dutta et al., 2009) . However, in this study, there were no marked trends in inhibitory effects of HMWWS against both types of bacteria (Tables 1 and 2) . Additionally, we observed that antimicrobial activities of 800AS3% were similar to or superior over those of the 800AC1%, which is of typical concentration and acid found in the literature. We also observed that increasing concentration of HMWWS solutions from 1% to 3% enhanced antimicrobial potency (Tables 1  and 2 ). In this study, we independently inoculated each pathogenic bacterium on the surface of catfish fillets. The inoculated bacteria (6.5 log CFU/g) may not have entirely penetrated in or adhered on the surface of catfish fillets, thus the bacteria count on Day 0 (after dipping) was lower than the initial inoculated count. The decrease in bacteria counts may also be due to physical removal of bacteria into the dipping solution. The viscosity of 800AS3% was much higher than other dipping solutions, which may be the reason for its lower bacteria count on Day 0. However, more systematic research will be needed to confirm the effect of viscosity of chitosan dipping solutions on their antimicrobial activities.
Conclusion
This study evaluated the antimicrobial effect of HMWWS chitosan coating, dissolved in aspartic acid and acetic acid solutions, against E. coli, S. typhimurium, V. cholera, Vibrio parahaemolyticus, S. aureus and L. monocytogenes, all of which present a considerable public health risk. The results showed that the HMWWS chitosan coatings showed higher antimicrobial efficacy against these pathogenic bacteria on catfish fillets than those of the control and coating treatments without chitosan. The 800AS3% coating treatment was most effective in inhibiting pathogens inoculated on the surface of channel catfish fillets, and completely suppressed V. parahaemolyticus. The combination of chitosan and aspartic acid effectively inhibited pathogenic bacteria on the surface of catfish fillets, and these results suggested that aspartic acid could be effectively applied in lieu of the more commonly used acetic acid in preparation of chitosan coating. This work was the very first report demonstrating that HMWWS chitosan with 800 kDa at a higher concentration, up to 3% w/v in aspartic acid, possessed antimicrobial properties against selected food-borne pathogens. Lower MW chitosan in combination with aspartic acid may facilitate penetration of bacterial cells outer membrane, thus may provide greater antimicrobial potential, and should be examined in further studies.
